Subcellular protein delivery is especially important in signal transduction and cell 9 behavior, and is typically achieved by localization signals within the protein. However, 10 protein delivery can also rely on localization of mRNAs that are translated at target sites.
Immunochemicals, Pottstown, PA, USA). Samples were washed three times with PBS 156 and mounted with ProLong Gold antifade reagent (P-36930, Invitrogen). Whenever 157 stated, a no-primary-antibody negative control was used. 158 To label endogenous RNAs neurons were washed once with cold PBS with 3 µg.ml-1 159 digitonin (Sigma Aldrich), once with 50% methanol in PBS and fixed in cold 100% 160 methanol for 5 minutes. Samples were rehydrated by washing them in 50% methanol in 161 PBS once and in PBS three times. Following the standard immunocytochemistry 162 procedure, cells were incubated for 20 min at room temperature with SYTO RNASelect 163 green fluorescent dye in PBS (1:10.000, S-32703, Invitrogen). Samples were washed with 164 PBS and mounted with ProLong Gold antifade reagent. Some fixed neurons were 165 incubated with 50 µg/ml DNAse or RNAse (Sigma) for 10 minutes at room temperature 166 to assess the selectivity of the SYTO labeling.
167
Image acquisition and processing 168 Images were acquired using a 40x oil objective on an Axio-Observer Z1 microscope For figure preparation, the staining of interest (puromycin, calreticulin, SYTO) was 178 converted from greyscale to RGB or to a colorimetric scale (heatmaps) in non-binarized 179 images. Binarized images used for assisted quantification of translation sites were 180 obtained as will be specified below. In all cases background, contrast and sharpness were 181 5 adjusted and set the same in control and experimental conditions. Markers used as 182 counterstain for neurite selection were adjusted for an optimal visualization in figures.
183
Puromycin and SYTO intensity analysis in non-binarized images 184 To quantify the puromycin and SYTO fluorescent intensities as measures of protein 185 production and RNA levels respectively, the longest βIII tubulin-and puromycin-positive (manual analyses) 199 As described above, the longest positive neurite from randomly selected cells was 200 straightened and divided into 15 10 μm-wide bins with the Concentric_Circles plugin. 201 Discrete puromycin puncta were visually scored in each bin covering a distance of 150 202 µm from the center of the cell nucleus or from the edge of the soma. To calculate the total 203 translation events in the soma or in neurites disregarding the bin position, values retrieved 204 from each bin of interest were summed up. The bin ranging from 0 to 10 µm (first bin 205 within the soma) was discarded as no discrete puncta could be visualized (N/A in Fig 3D   206 and E). 208 The assisted analysis of translation sites was performed using the following step-by-step 
207

Assisted analyses of puromycin-and SYTO-positive events in binarized images
227
Although this procedure is described for the puromycin staining as an example, the same 228 steps were followed to binarize and quantify SYTO-positive discrete puncta (RNA) in 229 neurites. When binarization of puromycin and SYTO labeling was performed for the same 230 neurite, colocalization between RNA and protein was performed as follows:
231
Process > Image Calculator > Image 1 (e.g puromycin) AND Image 2 (e.g SYTO) (click 232 create new window).
233
The resulting image is smoothen and binarized with the MaskEntropy mask. The image 234 is finally divided in 15 concentric circles at 10 µm intervals emerging from the edge of 235 the soma with the Concentric_Circles plugin. The number of objects (considered actively 236 translating RNAs) are scored in each interval (bin) with the Analyze Particles function 237 (default settings).
239
Intensity profiles 240 We used intensity profiles to exemplify how translation events are measured in neurites 241 or to determine the limit of the endoplasmic reticulum (ER) within the somatic region by 242 calreticulin immunostaining. Briefly, cells bodies and/or neurites were selected with the 243 Segmented Line tool (line width: 20 pixels for Hamamatsu images; 40 pixels for 244 AxioCam images) and analyzed with Plot Profile. In neurons stained for calreticulin, the 245 average profile of 5-10 cells per experiment cultured in three independent experiments is 246 shown ( Fig 2C) .
247
Statistical analysis 248
The sample size is specified in the figure legends. Statistical analyses were performed 249 with Prism 7 (GraphPad Software, San Diego, CA, USA) following a randomized block 250 design where samples from the same experiment were matched to eliminate inter-251 experimental variability. When comparing the means of two groups taking one variable 252 into account, two-tailed t tests were performed. When comparing the means of two groups 253 taking two variables into account, two-way ANOVA was used. If more than two groups 254 and more than one variable were analyzed, we performed two-way ANOVA followed by 255 Tukey´s multiple comparison test.
256
For correlation analyses we performed a normality test on the data to determine if they 257 followed a Gaussian distribution, which most of them didn´t. Thus, we chose to perform 258 Spearman nonparametric correlation test to retrieve the correlation coefficients. In the 259 correlation graphs, linear regression of the data was performed to evaluate the differences 260 between slopes (ANCOVA).
261
To evaluate the calreticulin staining, the background from the no-primary antibody 262 negative control was subtracted and a one-sample t test was performed.
263
In all tests p < 0.05 was considered statistically significant. antibody to visualize the neuronal cytoskeleton ( Fig 1A) . As a negative control, 278 immunostaining was performed on neurons that had not been treated with puromycin (-279 puro, Fig 1A) . Fluorescence intensity for the raw puromycin signal, represented either in 280 red (RGB, Fig 1A) or in a colorimetric scale (heatmap, Fig 1A) , was measured along the 281 longest positive neurite in randomly selected cells (1-6, Fig 1A) . Fluorescence levels in were processed for Calreticulin (Calr) immunostaing. As a negative control, some 308 neurons were subjected to the immunocytochemistry procedure but were not incubated 309 with anti-Calr antibody (no-primary antibody control). To determine the extension of the 310 Calr staining in our neurons we substracted the fluorescent signal from cells incubated 311 without a primary antibody to those incubated with anti-Calr. We determined that neuritic 312 positions 50 µm beyond the nucleus were devoid of Calreticulin, and thus of "canonical" 313 ER ( Fig 2C) . Interestingly, Aβ significantly increased the levels of newly synthesized their intensity can be ~20 to 30 times less than somatic puromycin fluorescent levels (as 329 implicitly shown in Fig 2) . We have developed a strategy to enhance puromycin hotspots 330 in neurites based solely on image processing and the assisted quantification of the 331 resulting objects.
264
Results
265
Detection of newly-synthesized neuritic proteins by puromycilation
332
The number of discrete puromycin foci were quantified along the longest puromycin-333 positive neurite of randomly sampled cells ( Fig 3A) . Image acquisition was identical in 334 control and Aβ-treated neurons. We selected neurites from raw and binarized images in with the assisted method in binarized images we observed a significant positive 360 correlation between both procedures that ranged from moderate to high in DMSO-and 361 Aβ-treated cells respectively ( Fig 3F) . To determine which method was closer to the 362 unbiased measurement of protein production represented by puromycin intensity (Fig 2) ,
we then compared data obtained from binarized images and from raw images with the 364 intensity values. In both cases we found a significant high positive correlation ( Fig 3G) . 365 However, when fitting the translation events at each distance to a regression line, a 366 significant increase in the slope was observed when data were obtained from binarized 367 images, suggesting increased similarities between the number of translation sites and the 368 amount of protein produced when using the assisted quantification method. Finally, we 369 focused on distal sites of the neurites (> 50 µm from the nucleus) disregarding the bin 370 position and were unable to detect any significant change between DMSO-or Aβ-treated 371 cells when translation events were quantified in raw images by visual inspection (manual, 372 Fig 3H) . Conversely, we did observe a significant effect of Aβ oligomers when Fig 4A) were straighten and divided into 10 µm bins.
390
Puromycin intensity was measured in 15 bins covering a distance of 150 µm from the 391 edge of the soma (Fig 4B) . No changes in newly synthesized proteins were observed 392 between control and Aβ-treated cells when neurons were exposed to puromycin for 5 or 393 10 minutes. However, a significantly distinct pattern in protein production induced by Aβ 394 oligomers was detected in Tau-positive neurites following a 30-minute treatment with 395 puromycin ( Fig 4B) . Focusing on distal sites of the neurite (beyond 30 µm from the soma) 396 we observed a significant accumulation of newly synthesized proteins after 30 minutes 397 of puromycin treatment compared to shorter exposures in both DMSO-and Aβ-treated 398 cells. A significant increase in protein production in Aβ-treated neurites compared to 399 controls was also detected with the longest puromycin exposure ( Fig 4C) . These results, only when cells were fed with puromycin for 30 minutes (Fig 4E) . Similarly, despite 408 detecting a significant accumulation of translation events in both control and Aβ-treated 409 cells after 30 minutes of puromycin exposure compared to shorter pulses, these were 410 significantly higher when Aβ oligomers were added to the cultures ( Fig 4F) . 411 To determine if our assisted scoring method correlated better than manual quantification 412 with the unbiased measurements of fluorescence intensity also in Tau-positive neurites, 413 two independent observers quantified the number of puromycin-positive puncta along 414 neurites by visual inspection of raw images (Fig 4G-J) . Both observers reported a 415 significantly distinct distribution of translation sites in DMSO-and Aβ-treated samples 416 when scores were performed in 10 µm bins (Fig 4G and I) . However, when focusing on 417 distal sites of the neurites (> 30 µm from the soma) disregarding the bin position, none of 418 them detected changes between controls and Aβ treatments ( Fig 4H and J) , in line with 419 previous results ( Fig 3H) . Data retrieved from observer 1 revealed a low yet significant 420 correlation between scores obtained in binarized images and those obtained in raw images 421 in both control and Aβ-treated neurons, whereas the correlation between both scoring 422 methods was only significant upon Aβ treatment based on results from observer 2 ( Fig   423   4K ). We then compared data obtained from binarized images and the averaged data 424 retrieved from observers 1 and 2 with the intensity values. We found no significant 425 correlation between the amount of protein produced at each neuritic position and the 426 number on translation sites scored by visual inspection (r, Fig 4L) . Conversely, a 427 significant moderate positive correlation was observed between parameters when 428 translation sites were counted in binarized images with the particle analyzer (c, Fig 4L) . 429 Furthermore, when fitting the translation events at each distance to a regression line, a 430 significant increase in the slope was observed when data were obtained from binarized 431 images, suggesting increased similarities between the number of translation sites and the 432 amount of protein produced when using the assisted quantification method (Fig 4L) . 433 These results not only confirm that scoring puromycin-positive sites in neurites in 434 binarized images by assisted means show a better fit with the unbiased measurement of 435 raw puromycin intensity, but also reveal an effect of Aβ oligomers on discrete translation 436 events in neurites that was previously unreported. Additionally, some fixed cells were digested with DNAse or RNAse prior to labeling.
438
Object-based colocalization analyses confirm that peripheral translation events
450
Neurites from SYTO-positive cells showed significantly higher levels of fluorescence 451 than those not incubated with the dye (graphs and neurites 1 and 2 in Fig 5A) . More 452 importantly, levels of SYTO were similar in positive neurites incubated in the presence 453 or absence of DNAse (graphs and neurites 2 and 3 in Fig 5A) , whereas incubation with 454 RNAse moderately yet significantly reduced the fluorescence intensity (graphs and 455 11 neurite 4 in Fig 5A) . These results indicate that indeed neuritic RNAs can be labeled with 456 SYTO RNASelect dye. 457 We then analyzed the distribution of RNA granules, measured as SYTO-stained foci, 458 along Tau-positive neurites. For this purpose, raw images stained for SYTO were 459 processed following the exact same protocol as for puromycin labeling: images were 460 convolved with the default normalized kernel in FIJI/ImageJ, brightness and contrast 461 were manually adjusted, 16-bit images were converted to 8-bit and binarized using the 462 MaxEntropy mask. Neurites were then selected with a segmented line, straighten, 463 smoothen and binarized again with the MaxEntropy function (green, Fig 5E) . The number 464 or RNA granules was scored in 15 bins covering a distance of 150 µm from the edge of 465 the soma and no significant differences were observed between experimental conditions, 466 regardless of whether neurons were fed with puromycin for 5, 10 or 30 minutes ( Fig 5B) . 467 Similarly, no significant changes were detected in distal sites (> 30 µm from the soma) 468 between DMSO-and Aβ-treated neurites ( Fig 5C) . Thus, Aβ treatment does not affect 469 RNA recruitment to neurites. In these experiments, green and red channels corresponding 470 to RNA (SYTO, Fig 5E) and protein (puromycin, Fig 5E) were binarized in parallel and 471 colocalization between objects in both channels was calculated using the AND function 472 in the FIJI/ImageJ image calculator. The resulting puncta (cyan, Fig 5E) were scored in 473 10 µm bins covering a distance of 150 µm from the edge of the cell body. No significant 474 differences between DMSO-and Aβ-treated cells were observed in the distribution of 475 colocalized puncta along neurites (data not shown). Given the high variability, especially 476 in control cells, we did not detect differences between DMSO and Aβ treatments when 477 focusing on distal sites of Tau-positive neurites either. However, we did observe an 478 accumulation of co-localized events in Aβ-treated cells when neurons were exposed to 479 puromycin for 30 minutes compared to the 5-minute treatment ( Fig 5D) . We therefore been used to evaluate overall discrete intra-neuritic and intra-dendritic translation events.
553
For example, co-incubation of neurons with both puromycin and the translation inhibitor 554 emetine prior to fixation prevents the puromycilated polypeptide chain release from the 555 ribosomes. This approach is known as ribopuromycilation (RPM) and it allows the can be pricy and time consuming. 565 We first performed edge detection to find discontinuities in our puromycin labeling that distal neuritic sites in response to Aβ1-42 with the particle analyzer after image processing 588 with the convolver (assisted quantification). We observed 1) an enhancement of discrete 589 puromycin staining in both DMSO-and Aβ-treated neurites compared to visual 590 inspection of raw puromycin staining ( Fig 3B and C) , 2) an enhancement of the effect of 591 Aβ on newly-synthesized neuritic proteins compared to controls ( Fig 3B, C and H) and ) and the number of discrete puromycin-positive sites in processed images ( Fig 3G) .
594
Altogether these results indicate that binarizing images from puromycin-positive cells 595 after applying a Laplacian edge detector allows the assisted quantification of neuritic 596 translation sites yielding results that resemble those obtained from an unbiased 597 measurement of raw puromycin intensity ( Fig 2D, 3G and 3H ). Additionally, our results 598 unravel a previously unreported effect of Aβ oligomers on discrete translation events in 599 neurites.
600
Our first approach was performed in βIII tubulin-positive neurites which correspond to 601 both dendrites and axons, but because changes in local neuronal translation upon Aβ 602 14 treatment were first described in axons (Baleriola et al., 2014) , we applied the same 603 processing workflow to neurites stained with the axonal marker Tau. Results were very 604 similar to those obtained for βIII tubulin-positive neurites when cells were fed with 605 puromycin for 30 minutes (Fig 4) . Shorter exposures to puromycin were also performed 606 in order to minimize the possible detection of newly-synthesized proteins diffused from 607 the soma. Puromycin pulses as short as 10-15 minutes have been successfully used to 608 detect changes in intra-axonal protein synthesis upon acute exposure of axons to Aβ 609 oligomers (Walker et al., 2018). However, we did not observe changes between DMSO-610 and Aβ-treated cells possibly due to the slow pace of the translation machinery after a 24 611 hour treatment.
612
In light of our results we addressed whether distal puromycin-positive events in neurites 613 arose from localized RNAs to determine if we were actually measuring local protein 614 synthesis. We applied the processing protocol followed for puromycin staining to SYTO-615 positive neurites. SYTO RNASelect green fluorescent dye selectively binds neuritic RNA 616 ( Fig 5A) . We observed that Aβ oligomers did not change the distribution of RNA granules 617 along neurites ( Fig 5B and E) nor their amount in distal sites ( Fig 5C) . These results are 618 compatible with other experiments performed in our laboratory aimed at labeling neuritic 619 RNAs with alternative techniques (data not shown). Taking advantage of the fact that 620 SYTO-labelled cells were also labeled with puromycin, after binarizing the images 621 corresponding to both stainings we applied the AND function in the image calculator 622 which essentially retrieves the colocalization between objects. In our system colocalized 623 objects (cyan, Fig 5E) represent sites of actively translating RNAs. We particularly 624 focused on colocalized objects resulting from 30-minute puromycin pulses, which were 625 higher than for shorter puromycin exposures ( Fig 5D) . Interestingly, Aβ1-42 increased the 626 proportion of RNA translation in distal sites of Tau-positive neurites, beyond the ER 627 domain. Thus, the combination of RNA and protein staining techniques followed by 628 image processing and binarization, and object-based colocalization can be successfully 629 used to detect sites of local RNA translation in neurons.
630
Other edge detectors, Laplacian operators distinct to 5x5 matrices or other background 631 subtraction methods can be used depending on the sample requirements and the 632 researcher´s criteria. However, the image processing approach described herein has 633 proven very useful to detect discrete events with low pixel intensity, which is the expected 634 characteristic of neuritic local translation sites. 635 Altogether, this study provides a simple method of quantifying local RNA translation 636 sites using object-recognition and object-based colocalization analyses which allows a 637 better understanding the effect of Aβ1-42 in neurites. 
